Abstract: The transcriptional activity of the androgen receptor (AR) is not only critical for the normal development and function of the prostate but also pivotal to the onset and progression of prostate cancer (PCa). The studies of AR transcriptional regulation were previously limited to a handful of AR-target genes.
Introduction
The androgen receptor (AR) is a member of hormonal transcription factors. The expression of AR protein and its activation by male hormone androgen are fundamental to prostate development during pubertal and malignant transformation during later ages. These biological/ pathological processes are determined by critical regulation of downstream molecules/pathways by the AR. AR is a DNA-binding protein that regulates a wide-range of target genes through directly binding to cis-regulatory elements. In the absence of androgen, the AR is sequestered in the cytoplasm by the chaperone super-complex including heat shock proteins (Hsp) 90, 70 and 56 (1) . Once bound by androgen, AR undergoes conformational changes to dissociate from Hsp complex, becomes phosphorylated and translocates into the nucleus. For decades, understanding of AR-mediated transcriptional regulation was largely built upon the analysis of a handful of androgen-induced genes, one prototype of which is PSA. AR has been shown to form homodimers which preferentially bind DNA that contains androgen-responsive elements (AREs) (2, 3) . This binding activity and thus AR-mediated transcriptional regulation are tightly controlled by a large cohort of AR co-factors. Despite of these successes, very few AR target genes have been identified and characterized until recent advances in high-throughput genomic technologies. The advent of DNA microarrays at the beginning of this century and the emergence of massively parallel next-generation sequencing have rapidly transformed this field. Taking advantage of these approaches, a burst of studies have in recent years very carefully examined AR transcriptional regulation at the genome scale. Here we review these studies to provide upto-date understanding of genome-wide androgen-regulated genes and the genomic landscapes of AR and its regulation during prostate cancer (PCa) progression.
Genome-wide analysis of androgen-responsive genes

Androgen-responsive genes or androgen-regulated
Review Article
Androgen receptor genomic regulation Hong-Jian Jin 1 , Jung Kim 1 , Jindan Yu genes are defined as genes whose expression levels are significantly altered by androgen treatment. The products of these genes are essential in the biological processes responsible for prostatic development, function and disease. Therefore, identification and characterization of androgenresponsive genes can potentially lead to the discovery of novel biomarkers and approaches for PCa diagnosis and treatment. For decades very few androgen-responsive genes have been identified, mostly limited to KLK3 (PSA), KLK2, and NKX3-1 (4) . However, the completion of the human genome project and the advent of microarray technologies at the beginning of this century have enabled parallel analysis of the expression of thousands of genes at a time. Consequently, an unprecedented list of androgen-regulated genes have been recently identified and characterized through expression microarray analysis of PCa cells and tissues.
High-throughput profiling of androgen-regulated genes using PCa cell lines
Androgen-sensitive PCa cell lines such as LNCaP have been critically useful to identify the downstream genes/molecules that are regulated by androgen. Pioneered by Sanger sequencing of cDNA or EST libraries, researchers began the endeavors of genome-wide analysis of androgen-responsive genes approximately a decade ago (5) . Through serial analysis of gene expression (SAGE), androgen-regulated genes were greatly expanded from a handful to approximately 100 of them (6) (7) (8) . These EST-based assays, though have certainly made significant contributions to the field, were laborintensive and cost-inefficient for the purpose of expression profiling. Rather, following the characterization of all human genes, EST clones were printed onto glass slides to generate cDNA microarray, which was then used for expression profiling in an efficient and affordable manner. The use of microarray has extensively facilitated the identification and the analysis of androgen-regulated gene expression under various biological/pathological conditions. For example, through microarray analysis of LNCaP cells before and after androgen stimulation, studies have revealed more than 500 genes that were differentially regulated by androgen (9, 10) . Further analysis revealed that approximately 300 genes were up-regulated while another 300 were downregulated by androgen (11) .
To pinpoint potential direct targets of AR, studies have examined global gene expression changes following androgen stimulation over a time-course. For example, Massie et al. identified more than 3,000 genes with altered expression in response to androgens by assessing 27 time points between 0 to 24 h following 1 nM R1881 stimulation in LNCaP cells. Out of these androgen-regulated genes, approximately 550 genes responded to R1881 within 5 hours and are likely to be directly regulated by AR (12) . Despite some differences regarding androgen-regulated genes derived from various datasets, plausibly due to differences in array platforms and experimental conditions, a core set has been repeatedly identified. Based on a review from Dehm and Tindall, about 1.5-4.3% of genes expressed in LNCaP cells are androgen regulated (13) . Through analysis of PubMed literatures, Androgen Responsive Gene Database (ARGDB) showed that at least 1,785 human, 583 rat, and 993 mouse genes have been reported as androgenregulated (14) . By comparing 9 representative studies of gene expression in androgen-treated LNCaP cells, we found that more than 1,000 genes have been reported in at least 2 independent studies, among which a core set of over 200 genes have been shown to be androgen-regulated in more than 4 independent studies ( Tables 1,2) .
Genome-wide analysis of androgen-regulated genes in animal models
In addition to cell lines, animal models have been utilized to study androgen response in vivo. Although the structure of rodent prostate differs considerably to that of human, androgens are nonetheless critical for rodent prostate cell differentiation, proliferation, and overall prostate development (15) . Human and rodent species are thought to share a variety of fundamental biochemical and functional pathways that are regulated by AR signaling. Using both subtractive hybridization and microarray approaches, Jiang et al. reported the identification of more than 100 androgenresponsive genes in the rat ventral prostate (16) . Using the Dunning rat R3327 model system, Pfundt et al. identified several sets of prostatic androgen-responsive genes that are alternatively regulated in androgen-dependent and androgenindependent prostate tumors (17) . Through microarray analysis of gene expression profile changes in the mouse prostate following castration and hormone replacement, Wang et al. identified a number of androgen-responsive genes, a majority of which are also regulated by androgen in cell line models. In particular, the authors reported sixty-five genes as androgen down-regulated (i.e., up-regulated upon castration and repressed by hormone replacement) (18) , among which 72% have potential AREs, suggesting a direct transcriptional suppressor role of the AR on these genes. It Table 2 Common androgen-regulated genes from 9 microarry studies listed in Table 1 Number of studies (observing number of common androgenregulated genes)
Symbol of regulated genes 6 [43]  DHCR24, LIFR, NDRG1, DBI, MMP16, CTBP1, FKBP5, KLK3, APPBP2, DDC, ALDH1A3, KRT8, ELL2,  HERC3,TPD52, SEC24D, CDK8, BCHE, ABHD2, IDI1, DNAJB9, MERTK, SORD, ABCC4, ODC1, PIK3R3,  PTPRM, KLK2, GATA2, BARD1, TMPRSS2, SGK, IQGAP2, FN1   5 [59]  SMARCD3, DPYSL2, TSC22D1, MAPK6, ACSL3, SEPP1, ATAD2, ANKH, PEA15, GHR, PLA2G2A, FOLH1,  NKX3-1, ORM1, CALU, UGT2B15, PPAP2A, PRKD1, BAMBI, SNX25, PPP1CB, OPRK1, PKIB, NCAPD3,  MPHOSPH9, SLC35F2, LCP1, TBRG1, TMEPAI, CAMKK2, RAB27A, ABCC1, HMGCS1, DNM1L, CENPN,  LONRF1, ST7, PGM3, SPHAR, TXNIP, COLEC12, MTMR9, ATP2B1, LMAN1, CXCR7, B2M, MYC, PURA,  CALD1, ADD3, ZBTB16, PDIA5, UBE2G1   4 [122]  KCNMA1, DDEF2, PTPRR, SLC15A2, LRRN1, SASH1, ACAD8, SLC39A7, NAP1L3, HOMER2, ADAMTS1,  MANEA, RHOU, SERPINI1, BTG1, THYN1, HS3ST1, NR4A1, SMAD1, PTPN21, WIPI1, PPM1K, CBLL1,  AKAP12, SPDEF, AZGP1, SEC61G, DEGS1, ABHD3, SYTL2, KRT18, PECI, MID1, BCAP29, SOCS2, SPCS3,  CEBPD, LRRFIP2, WDR41, WWC1, NEDD4L, ARMET, PGC, KCNN2, SMAD7, SERP1, MAF, IDH1, FDFT1,  SQLE, PPFIBP1, PCTP, UBE2J1,GARNL3, TIMP2, KDELR2, HIBADH, TRIB1, MAP2K4, KCTD3, TRPS1,  ERN1, MLPH, CYFIP2, MAP7D1, TWIST1, TRIM36, KCTD9, SELENBP1, STK17B, SI, UTX, SSBP2, TARBP1,  VGLL4, ABLIM1, STK39, ST6GALNAC1, ANGPT2,AFF3, PIK3IP1, C9orf91, KLF4, LDLR, MKLN1, SMS,  VEGFA, SESN1, RAB4A, PIK3R1, BTD, NFKBIA, SCAP, IL1R1, SAT1, ARF4, NDFIP2, SLC7A2, INPP4B,  CEBPG, MBOAT2, PAK2, IMPDH2, TMEM87B, PICALM, MYH1, PBX1, NET1, GRB1, LRIG1, FUT8, ZCCHC6,  ARFGAP3, NFKB1, ERGIC2, ATP1B1, HOXB13 , C1orf21, SLC44A1, TULP4, LAMC1, VCL , CREB3L2, CXCR4, RLN2, PELI2, GDF15, GRB10, ID3, NIPSNAP3A, SERPINB5, CLGN, TMEM39A,  PLDN, ARHGAP18, KIAA0247, FAM105A, GMPPB, ABCG1, SDCBP, GLUD2, SLC16A6, NUP93, OCLN,  LOC400451, NFIB, SEC24B, LRRC16, RAB3B, ALDH4A1, TIPARP, SLITRK3, CPEB3, PART1, SLC43A1,  GNMT, KLF5, CDK2AP2, TNFAIP8, GPR177, SLC25A20, SIPA1L2, C5orf30, TNFRSF10B, EXTL2, ST5, OSR2,  NUPL1, SLC12A2, TMEM144 was highlighted that these androgen-repressed genes may potentially inhibit prostate tumorigenesis. Furthermore, one of these androgen-repressed genes, H-Cad was experimentally evaluated and shown to function as a potential tumor suppressor in human PCa.
Androgen-regulated molecular pathways and cellular functions
Alongside the discovery of a comprehensive list of androgen-responsive genes, the downstream molecular pathways and cellular processes that are controlled by androgen became apparent. Initially, more than fifty androgen-regulated genes were identified by SAGE in LNCaP cells (6) . Functional annotation revealed that a majority of them are involved in the regulation of transcription and energy metabolism. In addition, a significant number of genes regulating cell cycle, signal transduction and cellular protein trafficking were found to be induced by androgen, supporting the role of androgens in promoting survival and growth of prostatic epithelial cells. Subsequently, a microarray study by Deprimo et al. analyzed the gene expression program induced by R1881 in LNCaP cells and found that a significant portion of androgen-regulated genes are related to the production of seminal fluid (9) . In accordance, Nelson et al. also found that androgen-responsive genes contribute to metabolism, protein trafficking, cell proliferation and differentiation (19) . Study by Massie et al. highlighted that calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2) is overexpressed in PCa and acts as an important effector of AR signaling in controlling anabolic metabolism, cell proliferation and cell migration/invasion of PCa cells (12) . In summary, a remarkable fraction of the genes induced by androgen appeared to be related to (I) production of modification of secretary proteins, protein folding, trafficking, and secretion (6, 8, 9) ; (II) cell-cycle, metabolism and biosynthetic pathways (6, 12, 20, 21) ; (III) regulation of transcription factors such as GATA2, PDEF, ETV1, CREB3L4, HOXB13 and NKX3.1.
Androgen-regulated genes play important roles in PCa
Not only is androgen signaling indispensable to prostate development and function, it is also a key driver of PCa initiation and progression. Understanding of androgenregulated genes/pathways is thus a first step towards the development of novel biomarkers and therapeutic targets of PCa. Accompanying the identification of a large set of androgen-regulated genes using cell line and animal models, studies have attempted to characterize the expression and function of some of these target genes in PCa. (22, 23) . More than 20% of these genes also showed significant expression changes in LNCaP cells after 36 h of hormone-deprivation (22) . On the other hand, there were also many that were not down-regulated after shortterm castration in LNCaP cells, indicating that androgen deprivation may be insufficient to completely suppress androgen activity, which may contribute to PCa cell survival in a low androgen environment (23) . In addition, for the most part, these two human PCa tissue profiling studies revealed very few common genes (less than 5%), suggesting that androgen-responsive genes may vary considerably among individuals. Besides analyzing androgen-responsive genes, a significant research area has been to determine genes that are differentially expressed in castration-resistant prostate cancer (CRPC) and thus may be responsible for the development of castration resistance. AR signaling pathways may differ between androgen-naïve and castration-resistant PCa. For example, Wang et al. reported that M-phase cell-cycle genes including UBE2C were upregulated by AR specifically in castration-resistant LNCaP-abl cells but not in androgen-sensitive LNCaP cells. Tissue microarray analysis further demonstrated that UBE2C protein overexpression correlates with the occurrence and progression of PCa (21) . Interestingly, a recent study revealed that this increased expression of UBE2C may be due to induction by constitutively active AR splice variants, AR-V7 and ARV567ES, that were found in CRPC cells (24) .
Besides regulation of downstream gene expression, groundbreaking studies have recently revealed an innovative mechanism of AR in promoting PCa through inducing chromosomal translocations. Back in 2005, Tomlins et al. made the seminal discovery of genomic translocations that juxtapose the androgen-responsive TMPRSS2 gene promoter with the oncogenic transcription factor ERG, leading to outlier profile of ERG expression in a subset of localized as well as metastatic human PCa (25) . Further studies from this and other groups have in the subsequent years characterized a set of recurrent chromosomal translocations in PCa, a majority of which involve an androgen-responsive promoter and an oncogene (26) (27) (28) (29) (30) . Among these, TMPRSS2-ERG gene fusions were the most frequently identified and have been shown to occur in 40-80% of PCa (31, 32) . Very interestingly, studies have later shown that these PCa-specific gene fusions were indeed generated by AR-induced chromosomal proximity, cellular stress, double-stand break, and erroneous DNA repair (33) (34) (35) . Although the exact mechanisms and functions of these gene fusions in PCa are yet to be fully characterized, they undoubtedly represent an important pathway by which androgen regulates PCa.
New-generation targets of androgen
In addition to regulating conventional genes, AR's transcriptional activities may also be manifested by mRNA alternative splicing events. In a study using exon array analyses of the LNCaP transcriptome, Rajan et al. were able to simultaneously identify global androgen-dependent gene expression and alternative mRNA isoform expression (36) . Among more than 1,000 putative androgen-regulated alternative events, several validated events were derived from alternative promoter selection and direct binding by the AR, while others may be due to indirect effects of androgen. In addition, the AR itself may be alternatively spliced to expressed AR variants (37, 38) . Some of these AR variants have been shown up-regulated in aggressive PCa and may be associated with castration resistance (24, 39, 40) . It is believed that these AR variants are able to turn on an alternative AR program thereby regulating distinct set of genes, which are important research areas currently under intensive investigation. Recent development of RNA-seq technology has further revolutionized the studies of whole transcriptomes, providing potentially unlimited measure of all transcripts and splicing variants that are expressed in a cell type. The Fu's group pioneered in using RNA-seq to screen androgen-responsive transcripts in PCa cells. With a sequencing depth of ~10 million of 36-nt sequence tags per sample, they identified ~700 androgen-regulated genes in LNCaP cells and a large fraction of tags corresponding to alternative exons (41) .
In the past few years, evidence has accumulated that non-coding RNAs (ncRNAs), like coding genes, may play similarly important roles in regulating cellular functions. The ncRNAs have been shown highly abundant and functionally important in a number of essential cellular processes (42) (43) (44) . Abnormal expression patterns of ncRNAs have been detected in a variety of human diseases including PCa. In addition, some ncRNAs have been shown to have prostatic-specific expression pattern. These includes microRNAs (miRNAs) (45) , small nucleolar RNA (snoRNA) (46) , and long non-coding RNAs (lncRNA) (47) . For instance, Ribas et al. reported 16 miRNAs that were induced by androgen in both LNCaP and LAPC4 cells, and provided evidence that elevated expression of miR-21 promotes enhanced androgen-dependent tumor growth and castration resistance in vivo (48) . Most recently, by genome-wide RNA profiling of LNCaP cells across 9 time points from 0 to 48 h following 10 nM DHT treatment, more than a hundred miRNAs were found to respond to androgen, among which 3 miRNAs (miR-19a, miR-27a and miR-133b) were found to be induced by androgen. These miRNAs were found to be directly regulated by AR and play essential roles in regulating cell viability (49) . Further, these miRNAs may regulate the expression of a large set of mRNAs, which were previously found to respond to androgen.
Some efforts have also been made recently to identify AR-regulated small ncRNAs in PCa cells. Louro et al. detected approximately 40 intronic antisense ncRNAs that were up-regulated by androgen in LNCaP cells (50) . Functional ARE motif has been reported at the upstream region of some of these ncRNA such as that mapped to MYO5 locus and Combining Chromatin Immunoprecipitation (ChIP)-PCR confirmed androgen-activated AR binding to this loci. These intronic transcripts may be involved in transcriptional regulation similar to miRNAs, but their biological functions remain undetermined.
Through transcriptomic analysis of PCa specimens, several prostate-specific lncRNA have been reported, including PCA3 (51), PCGEM1 (52), ANRIL (53) and PCAT-1 (54) . Although an increasing number of new lncRNA has been identified in the last few years, a majority of these lncRNA has not been functionally characterized, which will be important lines for future investigation. Interestingly, an androgen-responsive lncRNA CTBP1-AS, located in the AS region of C-terminal binding protein 1 (CTBP1), was recently reported. It was shown promote AR transcriptional activity through suppression of CTBP1 (55) . This provocative study suggests an innovative basic regulatory pathway involving an antisense lncRNA counteracting the activity of its corresponding coding gene.
Genome-wide location analysis of AR in PCa
AR regulates target genes through binding to cisregulatory elements
Androgen regulates downstream genes by acting as a ligand of the hormonal transcription factor, the AR. Once liganded, AR translocates into the nucleus, where it homodimerizes and binds directly to DNA through the ARE. The consensus AR-binding motif (i.e., canonical AREs, AGAACAnnnTGTTCT) consists of two hexameric half-sites (5'-AGAACA-3') often arranged as inverted repeats with 3bp of separating nucleotide. AR recognizes and interacts with AREs through its DNA-binding domain (DBD). In addition to ARE, the selective binding of AR across the genome is tightly regulated by a collection of transcription co-factors and/or pioneering factors. Accumulating evidence suggests that AR primarily binds distal enhancers that can be several kb to over 100 kb away from the promoter regions of coding genes. These ARbound enhancers have been shown to interact with the promoters through chromatin looping (56, 57) (Figure 1) . AR recruits the translation initiation complex and regulates transcription through interaction with as many as over 150 co-regulators, some of which are co-activators while others are co-repressors. In order to fully understand AR-mediated transcriptional regulation, in the past decade researchers have put forth significant efforts to determine the DNA binding patterns and the genomic landscapes of AR and its cofactors, taking advantage of modern technologies.
DNA microarray analysis of AR binding sites
Immediately following the completion of the human genome project, DNA microarrays were invented to contain oligonucleotides complementing to selected regions of the genome or tiling through the entire genome. For example, promoter microarrays contain oligonulceotides that span through the promoters of all annotated genes. ChIP with DNA microarrays, termed ChIP-on-chip, researchers begun to determine whether AR binds to any of the regions represented on the DNA microarrays. Using ENCODE tiling arrays Takayama et al. identified 10 AR binding sites and subsequently validated AR recruitment to and regulation of these genes (58) . In a separate study, Massie et al. used proximal promoter microarrays to identify 1,532 genomic sites that were occupied by AR. Motif analysis revealed that half ARE and ETS motifs were enriched within these regions, which led to the discovery of cooperated regulation of target genes by AR and ETS-family transcription factor ETS1 (59). Using custom oligonucleotide tiling arrays covering approximately 104 kb genomic regions centered on the TSS of 548 pre-selected potential androgenregulated genes, another report demonstrated that a large proportion of AR binding sites are not within the proximal promoter regions, rather they are often more than 10 kb away from the TSS of androgen-responsive genes (60) . In addition, many androgen-responsive genes were found to harbor two or more AR binding events within their regulatory regions. Using Affimetrix microarrays tiling (61) . Similarly using tiling arrays, another group examined AR binding to chromosomes 19 and 20 in C4-2B cells (62) . They reported that there were no androgen-responsive genes at the vicinity of a majority of these ARBS, indicating that they may not be functional in terms of transcriptional regulation. However, H3 acetylation at these loci could be used to define the subset of functional ARBS associated with androgen-responsive genes (62) .
Although above studies have analyzed AR binding events at selected regions, it was not only very recently has genome-wide mapping of ARBS become possible. Using whole-genome tiling arrays, Wang et al. pioneered in mapping global ARBS in PCa cells (21) . They identified approximately 8,000 and 6,000 ARBS genome-wide in LNCaP and LNCaP abl cells, respectively. Comparatively analysis revealed a set of abl-specific AR binding events that lead to upregulated expression of genes involved in cell cycle, one of which is UBE2C. This study revealed that a distinct AR transcriptional program is associated with CRPC. This rapid expansion of ARBS from tens to thousands has also greatly advanced the understanding of AR-chromatin interaction. Although AR is thought to have high affinity binding with canonical full AREs, a majority of the ARBS were found to bind primarily half AREs (59-61). For example, while 78% of ARBS identified in LNCaP cells were found to harbor at least one half ARE, only 10% contained a full ARE (61) . Similar results were observed in an independent study which showed that 79% and 27% of ARBS respectively contained half ARE and full ARE (59) . Likewise, Chen et al. reported that 4% and 46% of the ARBS had the canonical ARE and half ARE, respectively, in an independent PCa cell line 22Rv1 (63) . Moreover, the majority of these non-canonical half ARE ARBS may be functional. In vitro oligonucleotide pulldown assay and ChIP analysis confirmed that AR is able to bind to these 'half-sites' (59), while reporter assays verified that they mediate significant androgen-induced luciferase activity (61) . Therefore, like full AREs half AREs are able to recruit AR to regulate transcription. However, it remains to be determined what fraction of these AR binding events is functional and what the determinants are.
High-resolution mapping of AR genomic landscape
Although ChIP-on-chip assays are potentially able to provide genome-wide protein location provided genomewide tiling arrays were utilized, such approaches are usually very costly and time consuming. It was not until very recently that genome-wide mapping of protein-DNA interaction became easily feasible for regular labs due to the development of ChIP-seq, which couples ChIP with massively parallel next-generation sequencing (64, 65) . Unlike ChIP-on-chip, ChIP-seq is in the most part able to provide protein occupancy across unlimited genome with much increased sensitivity and accuracy. ChIP-seq of AR in PCa cells was first carried out in the PC3 cell line that expresses ectopic AR (66) . This study suggested that as many as 800 genes may contain an AR binding site within their cis-regulatory elements and are responsive to androgen treatment. Unlike in LNCaP cells, ectopic AR appears to directly induce genes of the growth-inhibition response program in PC3 cells, being consistent with its reported role in this particular condition.
At the mean time, we become the first to map genomic landscape of endogenous AR in PCa cells using ChIP-seq (67). We identified more than 37,000 and 13,000 ARBS respectively in the androgen-sensitive LNCaP and VCaP cells, covering nearly all ARBS that have been identified previously using various technologies. Approximately 60% of the ARBS found in the VCaP cells overlapped with those identified in LNCaP. The fewer number of ARBS identified in VCaP cells is likely due to technical issues as ChIP-PCR was able to detect a number of ARBS that were only detected in LNCaP by ChIP-seq. Being consistence with previous results, ChIP-seq data also demonstrated that a majority of AR binds distal enhancers and intragenic regions, with less than 10% binding to promoters. De novo motif search of all ChIP-seq ARBS revealed a consensus sequence highly resembling the canonical ARE.
Recently, multiple groups have reported thousands of AR binding events in PCa cells such as LNCaP and VCaP (12, (68) (69) (70) (71) (72) . Significant overlap of ARBS between these cell lines have been observed and AR was consistently found to primarily bind distal enhancers that can be more than 50 kb away of any coding genes. However, Massie et al. reported that genes located within 25 kb of an AR binding event were the most significantly enriched for androgen-regulated expression (12) . Moreover, AR ChIP-seq has also begun to be carried out in breast cancer cell lines such as MDA-MB-453 cells with the intention to examine the role of AR in breast cancer (68, 72) .
In summary, combinatorial efforts using ChIP-on-chip and ChIP-seq have resulted in high-resolution mapping of the genomic landscape of AR in a variety of AR binding sites ( Table 3 ). It will be of great interest for future studies to determine how AR binding profile changes during development and diseases. In addition, future technological advances, such as ChIP-exo, may be able to determine base-pair level mapping of AR binding sites, which may further enhance our understanding of AR transcriptional regulation (73, 74) . Most studies have thus far unanimously found that AR binds to distal enhancers, suggesting a model wherein chromatin-looping brings the AR-bound enhancers to the proximity of a target promoter, thereby regulating transcription (21,56,61) (Figure 1) . Recently, Hi-C and chromatin interaction analysis with pairedend tag sequencing (ChIA-PET) have been successfully used to uncover three-dimensional organization of the genome and global long-range chromatin interactions (75, 76 ). Yet, it remains largely undetermined where these chromatin loopings occur. In addition, as AR primarily binds to enhancers which can be tens or hundreds of kb away from a target gene, it has been challenging to pinpoint the target gene of a particular binding event. Although 3C-based assays are useful in demonstrating chromatin looping, functional assays are missing to decisively show the regulation in vivo. This, however, has become increasingly plausible with the development of genome editing tools including transcription activator-like effector nucleases (TALENs) and clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas-based RNA-guided DNA endonucleases (77) (78) (79) . We thus believe that genomewide mapping of AR binding events is just a first step towards the elucidation of AR transcriptional regulation and intriguing results will soon emerging in the near future.
Genomic regulation of AR binding profile
Pioneering factors define AR binding profile and prostate gene expression
Functional AR binding sites were not only determined by sequence motifs but also chromatin accessibility. Singlegene based approaches have already demonstrated the importance of chromatin-opening transcription factors such as FOXA1 in regulating AR binding to target genes such as PSA (80) . FOXA1 is able to directly bind to the chromatin to open up the local nucleosomal domain (81) . In prostate cells, FOXA1 protein has been shown physically interact with the AR protein and plays critical roles in regulating the transcription of prostate genes such as PSA (80) . Following recent mapping of genome-wide ARBS, the mechanisms underlying AR recruitment to genomic loci have also become increasingly explicit. Studies from the laboratories of Dr. Myles Brown and others have established a model wherein the interactions between epigenetic modifications, pioneering factors, and AR define prostate-specific AR binding profile (61, (82) (83) (84) . Histone modifications such as histone H3 Lys4 mono-and di-methylation (H3K4me1 and H3K4me2) exhibit distinct genomic landscapes between prostate and breast cells and are thought to guide cell typespecific recruitment of FOXA1. The binding of FOXA1 induces chromatin accessibility, which subsequently enables AR binding to these pre-selected sites. Other active histone marks such as histone acetylation have also been associated with AR binding and androgen-induced expression (62) . By contrast, AR is much less likely to bind chromatin regions marked by repressive histone modifications, such as H3K9me1 and H3K9me2 (84) . Once AR binds target promoters and enhancers, they form DNA loops that coordinately assemble a multi-protein transcription complex ( Figure 1) (85-87) . Counter-intuitively, recent studies showed that FOXA1 knockdown in PCa cells did not result in global inhibition of AR binding (70, 71) . Rather it resulted in an overall increase in AR binding events accompanied by a significant redistribution. This suggests that while FOXA1 mediates AR-binding to some genomic regions, it primarily exhibits an inhibitory role on a majority of other potential AR binding sites. It appears that FOXA1 defines a prostatespecific AR binding profile by restricting/facilitating AR binding to specific sites (e.g., those containing both ARE and FKHD motifs), while inhibiting/reducing its binding to other sites (e.g., those containing only ARE motifs) ( Figure  1) . The detailed mechanism as to how FOXA1 regulates AR binding profile, however, remains largely unclear and entails careful investigation.
Besides FOXA1, several other transcription factors s u c h a s G ATA 2 a n d H O X B 1 3 m a y h a v e s i m i l a r pioneering cofactor effects on AR-chromatin binding and transcriptional regulation. Similar as FOXA1, GATA family transcription factors have also been shown to open compact chromatin through their conserved zinc finger domains (81, 88) . In addition, GATA2 expression is also essential for AR-mediated transcription of prostate genes such as PSA and TMPRSS2 (61, 89 essential role in prostate development (90) . Through analysis of several candidate genes, HOXB13 has been shown a multifaceted regulator of AR-chromatin interaction, similar as FOXA1 (91) . Specifically, HOXB13 was found to inhibit transcription of genes regulated by AR binding to ARE, but enhances AR binding to cis-regulatory regions containing HOX elements juxtaposed to AREs, thereby inducing corresponding gene expression. How GATA2 and HOXB13 regulate genome-wide AR binding profile, however, are yet to be carefully examined.
Co-factor regulation of AR transcriptional activity
AR transcriptional activity is tightly controlled. Over the years, a significant number of cofactor proteins have been identified that regulate AR signaling by remodeling the chromatin structure or affecting the recruitment of RNA polymerase II to the promoters of target genes. These include but are not limited to p160 family of transcription factors, CBP/P300, HDAC, CARM1 and LSD1 (92) . In addition, PDEF, a prostate epithelial-specific ETS transcription factor, was reported as a co-regulator of AR, leading to enhanced transcription of PSA gene (93) . Using ChIP-Seq, genome-wide location analyses have recently enabled more accurate characterization of cofactor cooccupancy at subset of target genomes (59, 61, 67, 83, 91, 94) . For instance, motif analysis revealed that ETS motif and AR half-sites co-occur in approximately 70% of AR-bound promoter regions. This led to further experimentation showing that ETS1 protein physically interacts with AR and enhances AR transactivation (59) . Similarly, through motif analyses of AR binding sites found in VCaP cells we reported ETS motif as the 2 nd most enriched motif, only ranked after the AREs (67) . ChIP-seq analysis of ERG showed that it indeed co-occupied a majority of the ARBS in VCaP cells. Mechanistic studies revealed that ERG protein physically interacts with AR but surprisingly inhibits AR transcriptional activity, thus acting as a co-repressor. This role of ERG in inhibiting AR-mediated prostate gene expression has later been independently validated by multiple studies (95, 96) . In addition to ETS family cofactors, genome-wide location studies have yielded the discovery or validation of a number of other AR cofactors at the genome scale. For instance, OCT and GATA motifs were found most enriched in AR binding sites found in chromosome 21 and (Figure 1 ). These AR collaborating cofactors often exhibit some common characteristics such as: (I) they often physically interact with AR; (II) they frequently co-occupy the genome with the AR; (III) they regulate the transcription of AR target genes; (IV) they might directly regulate the expression of AR itself (e.g., ERG, GATA2) or might themselves be a target of androgen or AR (e.g., GATA2, NKX3-1); (V) they usually play critical roles in prostate development (e.g., ERG, FOXA1, HOXB13, and NKX3-1). These results suggest a complex network of transcription cofactors that altogether tightly controls AR-chromatin interaction and androgenmediated gene expression. Alterations to this regulatory network might result in the disruption of AR signaling and consequently lead to PCa.
AR as a transcriptional repressor
Although a majority of studies of AR signaling and genomic regulation have focused on androgen-induced genes, microarray analyses of androgen response have consistently revealed genes that are down-regulated by androgen. In fact, AR itself was found to be repressed by androgen in VCaP cells (97) . Very few studies, however, have examined androgen-repressed genes such as c-MET (98), SOX2 (99) , and DDC (100). Androgen-repressed genes as a while have not been carefully investigated in the past likely due to the difficulty in determining distal AR-binding enhancers on these genes. With the use of ChIP-seq technology to map AR binding across the entire genome, AR-repressed genes have lately become the focus of multiple studies. For example, an AR binding site was found within the intragenic region of the AR gene itself (97) . AR binding to this site represses AR gene expression via recruitment of LSD1 and demethylation of H3K4me1 and me2.
Recently, we have systematically examined AR binding on the regulatory elements of androgen-induced andrepressed genes in LNCP cells (101) . We report that AR can act as a transcriptional repressor to directly inhibit gene expression. This repression is mediated by AR binding to AREs and facilitated by EZH2-mediated repressive chromatin remodeling. EZH2 thus cooperates with AR in transcriptional repression of target genes. Through metaanalysis of microarray datasets profiling androgen-treated PCa cells, we have nominated a number of robust ARrepressed genes (57) . These genes may have important cellular functions and their repression by androgen may be critical for prostate physiology and disease. They are important genes for further examination which may lead to the development of novel biomarkers and therapeutic targets of PCa. (102) . Like Wang et al. study, this study also revealed that AR persistently occupied a set of genomic regions in the absence of androgen in CRPC cells that were void of AR binding in LNCaP cells. Interestingly, these androgenindependent ARBS have constitutively open chromatin structure, often locate at promoter regions, lack ARE motif, and are independent of FOXA1. These data suggested that androgen deprivation may result in a dramatic alteration of genome-wide AR binding profiling and that nonconventional AR binding sites may be acquired (21) . It will be very interesting to determine in future studies how this oncogenic AR program is regulated and may be targeted for therapy.
AR genomic regulation in CRPC
In addition to androgen deprivation, recent studies show that FOXA1 knockdown may also trigger a distinct AR binding profile resulting in dramatic alteration of the androgen response pathway (71) . AR was again shown to bind new genomic loci, which contribute to gene expression that enhanced cell growth and established an appropriate microenvironment in CRPC. Interestingly, transcriptomic studies have recently discovered recurrent FOXA1 gene mutations in PCa, suggesting that the wildtype FOXA1 may be beneficial whilst the mutants are more tumorigenic and thus colonially selected (103, 104) . Being consistent with this perception, we have recently reported that FOXA1 possesses an AR-independent and even-opposing role in inhibiting cell motility and tumor metastasis, a functionality that was significantly impaired by the FOXA1 (105). However, it remains a challenge to dissect out the potentially tumor suppressive role of FOXA1 in the context of altering AR binding profile and its downstream transcriptional activity.
To determine AR binding profile in human prostate tissues and during PCa progression, Sharma et al. mapped the genomic landscape of AR in 12 human PCa tissue samples (2 benign, 3 untreated localized tumors, 2 treatment-responding cancer, 5 CRPC), and 3 cell lines (LNCaP, VCaP and 22RV1) (106) . Thousands of ARBS were identified in CRPC tissues, which, surprisingly, have little overlap with the ARBS identified in PCa cell line. ARBS identified in CRPC tissue significantly overlapped with E2F, MYC and STAT binding sites, while ARBS found in PCa cell lines showed no such enrichment. In addition, many genes adjacent to the ARBS found in CRPC showed androgen regulation in xenografts, but, surprisingly, not in cultured LNCaP cells. This study suggests again that AR may be reprogrammed during PCa progression and that the AR transcriptional programs may differ significantly not only between disease stages but also among CRPC tissues. It will be critical for future studies to investigate the regulation or evolution of oncogenic AR transcriptional programs in human PCa between or within individual patients.
AR reprogramming by oncogenic transcription factors
It remains puzzling how AR transcriptional activity became reprogrammed in CRPC. Several studies have recently begun to address this important research paradigm. AR overexpression, which occurs in about 30% of CRPC, may allow AR to acquire new binding sites (107) . FOXA1 knockdown has been shown to reprogram AR to activate an oncogenic transcriptional program (71) . LSD1, in addition to being recruited to AR intragenic region to suppress AR expression, has also been shown to globally inhibit many other androgen-repressed genes through similar mechanism (97) . Androgen deprivation, conversely, decreased AR and LSD1 recruitment to target genes, thereby restoring the expression of a subset of androgenrepressed genes that contribute to increased androgen synthesis, DNA replication, and proliferation in CRPC.
Recently, we have reported that the polycomb group protein EZH2 cooperates with AR to mediate its transcriptional repression of target genes (101) . For example, we showed that AR occupies the distal enhancer of NOV, an AR-repressed gene, and communicates with the NOV promoter through DNA looping (57) . This AR activation recruits EZH2, which subsequently catalyzes histone H3 lysine 27 tri-methylation around the NOV promoter, resulting in the suppression of NOV gene transcription. Very interestingly, another study has demonstrated similar AR and EZH2 cooperation, however, on androgen-induced genes (108). Xu et al. found that, in CRPC cells, EZH2 acts as a coactivator for AR through phosphorylation at Ser21, which is mediated by the PI3K-Akt pathway. EZH2 thus cooperates with AR to induce a set of genes, which are significantly overexpressed in CRPC cells. It is important to note that EZH2 is among the most highly expressed gene in metastatic PCa (109) . Therefore, AR transcriptional program may be altered by oncogenic transcription factors that become abundantly expressed in CRPC. Many of these regulations are yet to be identified and such studies may lead to important discovery with significant clinical impacts.
Future directions
In summary, significant advances have been made in the last decade regarding genomic regulation of AR. Global androgen-responsive genes have been carefully examined in various cell line systems, animal models, and clinical specimens. Genome-wide AR binding profile in PCa cells have been comprehensively mapped by several independent research labs in various systems. These successes will form a solid foundation for potentially ground-breaking discoveries in the years to come. The identification and characterization of non-conventional targets of androgen, such as miRNAs and lncRNAs, are still in their infancy. Although studies to date have mapped the basal AR binding profiles in PCa cells, a lot remain to be learned regarding the transcriptional regulatory network that determines precise AR binding events at each developmental and disease stages. The precise mechanisms by which AR pioneering factors and coregulators control AR transcriptional program are yet to be delineated. It will be exceedingly important for future studies to determine AR transcriptional reprogramming in CRPC and how this is regulated by various oncogenic factors. Such mechanistic studies will be essential for strategic disruption of AR signaling in CRPC and may dramatically improve patient care.
